This report was prepared as an account of work sponsored by an agency of the United States government. Neither the United States government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. The AWT-26 is a downwind, teetered, two-blade machine that operates at a constant 57.3-rpm rotor speed. The modification to variable speed operation allowed a rotor speed range of 32 rpm to 62 rpm. The turbine was not originally designed for variable speed operation and the potential for operating at a resonant condition existed.
Introduction
The Advanced Wind Turbines, Inc. AWT-26 Prototype #3 at the National Wind Technology Center (NWTC) was modified for variable speed operation. This program was in support of emerging technologies in variable speed power generation. Electronic Power Conditioning Inc. (EPC) of Corvallis, Oregon manufactured the new variable speed generation system (VSGS) for the turbine. The VSGS consisted of a doubly-fed generator and a Unipolar Series Resonant Converter (USRC).
The AWT-26 is a downwind, teetered, two-blade machine that operates at a constant 57.3-rpm rotor speed. The modification to variable speed operation allowed a rotor speed range of 32 rpm to 62 rpm. The turbine was not originally designed for variable speed operation and the potential for operating at a resonant condition existed.
The purpose of the experiment described in this report was to measure turbine vibration response at discrete rotor speeds within the variable speed range and identify any potential resonant conditions. The converter variable speed algorithm could then be designed to avoid these resonant conditions.
Approach
The turbine was instrumented with four accelerometers. Two accelerometers were positioned to measure tower motion; the other two were placed in the nacelle to measure nacelle motion. The VSGS was then operated in constant speed mode at discrete rotor speeds over the variable speed range. Accelerometer spectra were acquired over a 10-minute averaging period with the turbine held at constant speed. Wind speed and direction data were also acquired to compare the spectra at different rotor speeds.
Harmonic peaks were plotted for each accelerometer over the rotor speed range. Natural frequencies were also plotted to determine crossings with the rotor harmonic frequencies. Rising harmonic peaks at these crossings were indications of possible resonant conditions.
Results
The reduced accelerometer data showed potential resonant conditions at 32 rpm, 38-40 rpm, 48 rpm, and 52 rpm. It was determined that the variable speed algorithm be designed to avoid 32 rpm, 39 rpm, and 48 rpm within a ±1 rpm range. The crossing at 52 rpm was not as severe as the other critical speeds and avoiding this speed would significantly impact the variable speed operation.
Another conclusion from the experiment was that the tower accelerometer data were not as useful as the nacelle accelerometer data. For similar turbine designs, this could reduce the cost of like experiments and turbine vibration monitoring equipment. . The doubly-fed generator reduced the converter power rating compared to the power electronics for an induction design generator. The USRC utilized a quasi-resonant power circuit that resulted in soft switching of the converter semiconductors. Soft switching reduces stresses on the semiconductor devices, reduces switching losses, and allows the converter to operate at higher modulation frequencies. Additional benefits are lower voltage transients, reduced electromagnetic interference, and lower harmonic distortion at the input and output.
EPC originally collaborated with Zond Energy Systems as part of the NGIS program, but tests were abandoned as Zond moved towards development of larger turbines. It was decided that EPC would build a converter to be tested at the NWTC site, utilizing the AWT-26 Prototype #3 built by Advanced Wind Turbines, Inc. in Seattle, Washington. The AWT-26 is a downwind, two-blade teetered rotor with a 275-kW power rating. Although it was not expected that converting this constant speed turbine to variable speed would show substantial improvements in energy capture, we felt the experience gained in field testing the VSGS would be worth the effort towards the development of larger-scale systems. In addition to field testing the VSGS, the turbine could be used as a test bed for comparative studies in acoustics and aerodynamics of variable-speed operation.
Because the turbine operated over a speed range that crossed some of the system natural frequencies, a test was developed to measure the turbine dynamic response under operation at discrete operating speeds. From these measurements the critical operating speeds were identified and the VSGS control algorithm was modified to avoid these speeds. The description of these tests (termed "Dynamic Characterization Tests") and the results are the subject of this report.
Test Objectives
The objective of the Dynamic Characterization of the AWT-26/P3 was to determine which rotor speeds to avoid for variable speed operation. The critical rotor speeds were determined by measurement of turbine vibration over the variable speed range.
Turbine Description
The AWT-26/P3 is located at site 3.2 at the NWTC ( Figure 1 ). The turbine specifications are listed below:
• 275 kW rated power The meteorology tower for Site 3.2 is located approximately two rotor diameters from the turbine in the prevailing wind direction at 292° North. There are no obstructions to the tower or turbine in this prevailing wind direction for 18.75 rotor diameters.
The turbine was modified from the original prototype for incorporation of the VSGS. The doubly-fed generator was longer and protruded from the nacelle so an enclosure was installed on the rear of the nacelle. The gearbox was replaced with a lower gear ratio model in order to reduce the size and cost of the EPC converter. Changes were also made in the electrical and control system because the converter was now responsible for control of the generator.
A description of the turbine dynamics can be found in reference 1 and reference 2. Reference 1 states "[t]he natural frequencies of the operating machine are not the same as those of the stationary structure due to the effects of rotation which, in this case, include the periodic nature of the support conditions." This periodic nature of the support conditions results in families of peaks in the operating spectrum, with members of the families separated by 2/rev (2.0 times the rotor speed).
Variable Speed Generation System
The VSGS incorporated a converter and generator. The converter was housed in a shed off to the side of the turbine tower (see Figure 1 ). Power and instrumentation cables were routed through the converter enclosure and out to another shed which housed the electrical panels and turbine controller.
The converter was primarily intended to operate in variable speed, but for the purposes of this test and for the initial checkout phase, the converter was run in constant-speed mode. In this mode the generator was run as a synchronous generator with the generator rotor frequency controlled by the converter. The generator speed can be set with the operator control panel on the front of the converter cabinet. Also in this mode the converter had an electronic damping algorithm that used variations in stator reactive power to adjust the rotor frequency slightly.
For variable speed operation, the converter used field-orientated control. The converter supplied a generator torque reference (and thus power) based on the rotor speed. The torque was proportional to the stator active power and the converter adjusted the generator rotor current, phase and amplitude to provide the correct torque. The converter was provided a rpm versus power schedule via the front panel.
In order to avoid critical rpm setpoints (identified by the Dynamic Characterization Tests), the power versus rpm schedule for the converter was set to constant torque over the range of the critical speed. This torque will be lower than the power available in the turbine rotor, thus the turbine will accelerate away from the critical speed. With this scheme there is no guarantee that the rotor will not dwell within the critical speed, but the time spent in this range will be minimized. Figure 2 shows a representation of the experimental setup. The turbine was instrumented with four accelerometers for the experiment. Two accelerometers were placed on one mounting block in the nacelle; one measured lateral yawing motion and the other measured pitching motion. The mounting location was located approximately 52 inches downwind and 6 inches left of the center of the yaw bearing and 22 inches below the rotor shaft axis. It was expected that the nacelle pitching motion would produce the highest signals. The other two accelerometers were located on one mounting block at the upper tower flange behind the top of the ladder. One accelerometer was aligned to measure the tower motion in the prevailing wind direction; the other was aligned 90° to this direction to measure lateral tower motion. All accelerometers were PCB® Piezotronics, model #Q353B34. The cables for the nacelle accelerometers were routed through the yaw bearing with a cable droop to allow for nacelle rotation and through a door in the tower top. From the door, the nacelle cables joined the tower accelerometer cables. All cables were then routed down the side of the ladder and into the shed next to the turbine that housed the EPC converter. The cables were connected to a 4-channel ICP (Integrated Circuit Piezoelectric) PCB® Signal Conditioner model #482A16. The accelerometer signals were then connected to a Scientific Atlanta SD380 Four-channel Dynamic Signal Analyzer to measure the frequency spectra. The analyzer was configured as follows: § 10 Hz frequency range (chosen to record up to 12/rev harmonic) § 400 line Fast Fourier Transform (FFT) Resolution § Hanning FFT Weighting § 50% Overlap Processing § Linear Averaging § 10-minute averaging period
Experimental Setup
The analyzer had a 3-1/2 inch floppy drive for storing accelerometer spectra. The spectra were periodically printed to a HP plotter with a list of the 10 highest peaks for data analysis. Wind speed and direction data were measured at hub height on the meteorology tower located two rotor diameters upwind of the turbine in the prevailing wind direction (292° N). The data were sampled at 1 Hz and recorded at 1-minute averages using a Campbell CR10X datalogger. The 1-minute averages were then averaged over 10-minutes to provide wind speed and direction for spectra 10-minute averages.
Experimental Procedure
The turbine was operated at constant speed from the operator terminal on the front panel of the EPC converter. The speed range was varied between 32-62 rpm in steps of 2 rpm. Two 10-minute sets of data were taken at each rpm setpoint. Later in the test period, the test matrix was reduced to a peak rotor speed of 58 rpm because variable speed operation was not expected to exceed this value.
Comparison was made between accelerometer spectra that were recorded at approximately the same 10-minute average wind speed. Initially, data were taken at wind speeds below 6 m/s, but the amplitude of the vibration was an order of magnitude lower compared to data taken at an average of 9 m/s. Nacelle precession (yaw tracking) was also a problem at the lower wind speeds. Therefore, a wind speed of 9 m/s was chosen for comparison. This also kept the peak power below the converter rating at the higher rpm setpoints.
After completion of each 10-minute averaging period, the four accelerometer spectra were saved to the SD-380 floppy disk. Later the spectra were retrieved from disk and a total of 10 markers were placed at the spectral peaks. The spectra and marker list were then plotted to hard copy. Figure 3 shows a scanned image of a sample spectrum. This spectrum was generated from the nacelle pitch accelerometer at a rotor speed of 46 rpm and 10-minute average wind speed of 9.75 m/s. 
Results
The spectra for the four accelerometers and 13 discrete rotor speeds (32-58 rpm in increments of 2-rpm) were plotted for comparison. The data were further reduced by comparing the data set from each rpm closest to a wind speed of 9 m/s for the 10-minute average. The peaks from each spectrum were separated into harmonic and off-harmonic multiples of rotor speed. These peaks can be seen in Figure 3 for the nacelle pitch accelerometer. For example, there are three peaks between 6 Hz and 7 Hz. The first peak is at 6.15 Hz, which corresponds to the 8/rev-rotor harmonic. The next two peaks are off-harmonic frequencies at 6.375 Hz and 6.8 Hz.
The harmonic peaks for each accelerometer were then plotted over the rpm range. These plots are shown in Figures 4, 6, 8 and 10 . Only even rotor harmonics were measurable and the maximum harmonic plotted was 12/rev (up to 50 rpm rotor speed). Rising amplitude in these plots was an indication of potential resonance.
Further indications of resonant conditions were determined by plotting the off-harmonic peaks onto Campbell diagrams. These are shown in Figures 5, 7, 9, and 11 for each accelerometer. Note that only the natural frequency peaks found consistently in the data were plotted. The Campbell diagram shows frequency versus rotor speed and includes lines of constant rotor harmonics. The natural frequency lines were separated into two families as described in reference 1. The lines in each family are separated by 2-times the rotor frequency. A crossing of a natural frequency line and a rotor harmonic represents a potential resonant condition. The severity of these crossings can be judged by looking at the plots of the harmonic peaks. Although the test data indicate potential resonance at several rotor speeds, unusual vibratory motion was observed only at 32 rpm. There appeared to be a coupling between nacelle yaw motion and tower lateral bending. Evidence of this behavior can be seen in Figures 4 and 10 with a rising 2/rev peak in the nacelle yaw accelerometer and tower 90° accelerometer. This is probably associated with resonance between the fundamental tower lateral mode and 2/rev excitation.
Conclusions
It was concluded from the data that the rotor speeds of 32 rpm, 39 rpm, and 48 rpm should be avoided with a ±1 rpm range. Tower motions were a concern at 32 rpm and multiple natural frequency crossings in the Campbell diagrams were shown at 38 rpm to 40 rpm and at 48 rpm. A crossing was also found at 52 rpm, but was determined to be less severe than those at 39 rpm and 48 rpm. Avoiding 52 rpm would significantly impact the variable speed experiments planned for the turbine. 
